A graphite-like layered material of composition BC x N y ͑x = 2.0-2.4, y = 0.8-0.9͒, which is called BC 2 N in this paper, was prepared by a chemical vapor deposition method at 1770-2220 K. Lithium ͑Li͒ and potassium ͑K͒ were intercalated into BC 2 N by an electrochemical method and a vapor-phase reaction, respectively, to make the first-stage compounds with interlayer spacings similar to those of the first-stage graphite intercalation compounds. Sodium ͑Na͒ was intercalated into BC 2 N by the electrochemical method as well as the vapor-phase reaction, whereas Na was hardly intercalated into graphite. The X-ray diffraction analysis and an electrochemical capacity suggested that the Na-intercalated BC 2 N was a mixture of the first-and second-stage compounds. X-ray absorption spectroscopy indicated that an unoccupied ‫ء‬ orbital of BC 2 N showed a relatively strong intensity, and the bottom of the orbital was at an energy lower than each bottom of graphite, noncrystalline carbon, and BC 6 N. These results suggested that alkali metals including Na could donate electrons to BC 2 N more efficiently than the other host materials. Thus, the intercalation of alkali metal into BC 2 N proceeds more effectively than the other host materials. Graphite-like layered materials composed of boron/carbon/ nitrogen ͑B/C/N materials͒ are kinds of "carbon alloys"
Graphite-like layered materials composed of boron/carbon/ nitrogen ͑B/C/N materials͒ are kinds of "carbon alloys" 1 and have attracted attention in the field of materials science because they have shown novel properties such as intercalation behavior 2, 3 and semiconducting properties, [4] [5] [6] [7] which can be useful in the production of batteries, semiconductors, and so forth. B/C/N materials have been prepared by a chemical vapor deposition ͑CVD͒ method or a solidgas reaction. 3 The physical and chemical properties of the materials have been investigated, and several applications of the materials to energy devices, such as secondary lithium ͑Li͒-ion battery, have been demonstrated. 8, 9 The intercalation behaviors and electronic structures for several kinds of B/C/N materials have been reported. In our previous paper, 10 Li and potassium ͑K͒ have been electrochemically and chemically intercalated into the material with a composition of BC 6 N. The electronic structure of BC 6 N has been investigated by using X-ray emission spectroscopy and X-ray absorption spectroscopy ͑XAS͒. 11, 12 The conduction and valence bands slightly overlapped in the electronic structure of BC 6 N, which may relate to a strong interaction between the host BC 6 N and the intercalated alkali metals. Another example is that alkali metals have been intercalated into the material with the composition of BC 2 N. 2, 13 However, the intercalation compounds and the intercalation mechanism on the basis of the electronic structure of BC 2 N have not been investigated in detail. Also, to consider a new application of B/C/N materials, it is important to study a correlation between the intercalation of chemical species and the electronic structure of the host B/C/N material.
In this study, the graphite-like layered material of approximate composition BC 2 N have been prepared, and the intercalation of Li and K into the material has been carried out by the electrochemical method and the vapor-phase reaction ͑two-bulb method͒, respectively. The authors have also tried to intercalate sodium ͑Na͒, which is difficult to be intercalated into graphite, [14] [15] [16] [17] into the BC 2 N material by the electrochemical method as well as the two-bulb method. The electronic structure of BC 2 N, particularly the conduction band, has been investigated by using XAS together with consideration using the DV-X␣ molecular orbital calculation. Subsequently, the intercalation of alkali metals into the host BC 2 N has been discussed on the basis of the electronic structure of the material.
Experimental
Preparation of BC 2 N.-The BC 2 N material was prepared by using the CVD apparatus reported elsewhere. 18 The films of the material were deposited onto a carbon suscepter that was heated by radio-frequency induction and by the CVD method using the starting materials of acetonitrile ͑purity Ͼ 99.5%, Wako Pure Chemical Industries Co.͒ and boron trichloride ͑purity Ͼ 99.9%, Sumitomo Seika Chemicals Co.͒, the same as those reported elsewhere 2 at a temperature in the range of 1770-2220 K. The obtained BC 2 N films were pulverized into fine powders with particle diameters under 45 m. The X-ray diffraction ͑XRD͒ pattern was obtained using a diffractometer ͑Rigaku RINT Ultima + ͒ with Ni-filtered Cu K␣ radiation.
Intercalation of K and Na by the two-bulb method.-A K or Na block ͑purity: 99.95%, Sigma-Aldrich Co.͒ and BC 2 N powder were set in a Pyrex glass tube in an Ar glove box. The glass tube was then sealed under vacuum. The two-bulb method was used for the vapor-phase reaction of K or Na with the BC 2 N powder in the sealed glass tube. The reaction was performed at a temperature between 520 and 640 K for 96 h. In this case, the glass tube was set in a furnace so that BC 2 N powder could be heated at a temperature higher by about 10 K than that of alkali metal. After the reaction, the glass tube was broken in the glove box, and the obtained intercalation compound was then mixed with liquid paraffin to prevent a reaction of the compound with a small amount of moisture and oxygen in the glove box. The mixture of the intercalation compound with paraffin was set on a glass holder and covered with a polyethylene or a poly͑vinylidene chloride͒ film in the glove box, followed by the XRD analysis. However, graphite powder ͑LX-001: artificial graphite supplied by Toyo Tanso Co., average particle size: 12 m͒ was used as a reference host material for the intercalation of K and Na by the two-bulb method. Thereafter, the intercalation behavior of BC 2 N was compared with that of graphite. chemical intercalation of Na. The galvanostatic discharge/charge curves were measured in the above electrolyte solutions by using a constant current of 100 A/cm 2 with an electrochemical equipment SI-1280B ͑Solartron Co.͒. In this paper, discharge means the intercalation of alkali metal into BC 2 N, whereas charge means the deintercalation of alkali metal from BC 2 N. Also, to make a full discharge, the constant current ͑100 A/cm 2 ͒ and constant voltage ͑3 mV vs Li/Li + or Na/Na + ͒ ͑CCCV͒ method was applied for the intercalation of Li or Na into BC 2 N. The obtained intercalation compound was washed with the EC + DEC mixed solvent set on a glass holder, was covered with a poly͑vinylidene chloride͒ film in the glove box, and was then analyzed by XRD. However, graphite powder ͑SGB-2: mesocarbon microbeads heat-treated at 3230 K supplied by SEC Carbon Co., average particle size: 10 m͒ was used as a reference host material for the electrochemical intercalation of Li and Na. The graphite powder ͑LX-001͒ described above was also used for the electrochemical intercalation. The electrochemical intercalation of Li, however, proceeded more effectively by using the graphite SGB-2 than the graphite LX-001. Therefore, two kinds of graphite powder were adequately used for the intercalation by the electrochemical and the two-bulb methods. Also, the electrochemical intercalation behavior of BC 2 N was compared with that of graphite.
XAS measurement.-The spectroscopic measurement of the soft X-ray absorption in the BK, CK, and NK regions was performed at the Advanced Light Source of the Lawrence Berkeley National Laboratory in California. The total electron yield ͑TEY͒ X-ray absorption spectra of the BC 2 N film, together with a hexagonal boron nitride ͑h-BN͒ powder ͑GP-grade, supplied by Denki Kagaku Kogyo Co.͒ and a highly oriented pyrolytic graphite ͑HOPG͒ film ͑ZYA-grade, NT-MDT Co.͒ as references, were measured in the beamline BL-6.3.2 by monitoring a sample photocurrent under a pressure of 10 −5 Pa at room temperature. The photon energies of the X-ray absorption spectra were corrected by placing a BK peak of the h-BN at 191.8 eV. In the BL-6.3.2, the vector of the electron field of the incident synchrotron radiation beams was in the horizontal plane. Thus, the angle-resolved X-ray spectra were observed by rotating the samples around the vertical axis.
Results and Discussion
Host material BC 2 N.-Silver metallic films were obtained on the carbon suscepter after the preparation. The pulverized powders were almost black. The compositions of the prepared films were BC x N y ͑x = 2.0-2.4, y = 0.8-0.9͒, which were determined by the usual combustion method for C, H, N, and alkali melting followed by inductively coupled plasma emission spectrometry for B. The materials prepared in the present study are called BC 2 N because the compositions are approximately BC 2 N, as described above. The carbon contents of the obtained materials slightly increased as the preparation temperature increased. Figure 1 shows X-ray powder diffraction patterns of the materials prepared at 1770, 2070, and 2220 K. The ͑001͒ diffraction peaks in Fig. 1 indicate that the prepared materials have a graphite-like layered structure with an interlayer spacing in the range of 0.341-0.343 nm.
Li-intercalated BC 2 N.- Figure 2 shows XRD patterns of Liintercalated BC 2 N ͑Li-BC 2 N͒ by an electrochemical reduction ͑in-tercalation͒ in 1 M LiPF 6 /EC + DEC solution and the original BC 2 N prepared at 1770 K. The ͑001͒ and ͑002͒ diffraction peaks indicate that Li-BC 2 N has an interlayer spacing of 0.370 nm, which is almost the same as that of the first-stage graphite intercalation compound of Li ͑Li-GIC͒. The color of the first-stage compound Li-BC 2 N was brown, which is similar to that of the first-stage Li-GIC. Discharge/charge capacities except the first discharge were about 370 mAh/g, which is also similar to that of the first-stage Li-GIC ͑LiC 6 ͒. The composition can be calculated from the capacity as Li 0.68 ͑BC 2 N͒. Figure 4 indicates the XRD pattern of the material obtained at 570 K by the vapor-phase reaction of Na with BC 2 N, together with that of the original BC 2 N prepared at 2070 K. The diffraction peaks of the original BC 2 N disappeared after the reaction, and a diffraction peak at 21.0°in 2 ͑d-spacing: 0.42 nm͒ was observed, which indicates that all the host BC 2 N powder reacted with Na vapor to make an intercalation compound ͑Na-BC 2 N͒. The diffraction peak at 21.0°is broad and may be an overlapped peak of the ͑001͒ diffraction of the first-stage compound ͑the distance between adjacent intercalated layers: I c = 0.45 nm [14] [15] [16] ͒ and the ͑002͒ diffraction of the second-stage compound ͑I c = 0.79 nm͒. Only the high stage ͑the sixth and seventh stages 14 and the eighth stage [15] [16] [17] ͒ intercalation compound has been obtained by the reaction of Na with graphite. In fact, almost no intercalation of Na into graphite was observed under the same reaction condition carried out for the intercalation of Na into BC 2 N in the present study. Therefore, Na can be intercalated into BC 2 N more effectively than graphite. This would be due to a strong interaction between the guest Na and the host BC 2 N. Na was intercalated into BC 2 N, as expected from the above intercalation result by the two-bulb method and by an electrochemical reduction ͑intercalation͒ in the 1 M NaPF 6 /EC + DEC solution. Figure 5 indicates the discharge/charge curves of the intercalation/ deintercalation of Na into/from BC 2 N by the galvanostatic method. A shoulder at around 0.8 V vs Na/Na + may be due to the surface electrolyte interface ͑SEI͒ formation, which is at the voltage similar to that of the SEI formation on the first discharge of electrochemical Li intercalation. XRD of the material obtained by using the CCCV method was almost the same as that of Na-BC 2 N ͑Fig. 4͒ prepared by the two-bulb method. A composition of the intercalation compound was approximately Na 0.2 ͑BC 2 N͒, which was calculated by discharge/charge capacities except for the first discharge. The composition is consistent with the result of XRD for the mixed ͑first and second͒ stage compound described above. Almost no intercalation of Na into graphite was observed by using the electrochemical intercalation carried out in the present study. From these results, Na can be intercalated into BC 2 N more effectively than graphite by the electrochemical method as well as by the two-bulb method.
Na-intercalated BC 2 N.-
Intercalation chemistry and electronic structure of BC 2 N.- Figure 6 shows TEY X-ray absorption spectra in a CK region of the BC 2 N film prepared at 2070 K compared with those of the HOPG film, noncrystalline carbon powder, and BC 6 N film prepared at 2070 K. The electronic structure of BC 2 N has been predicted by the pseudopotential local-orbital calculation 19 and the DV-X␣ molecular orbital calculation. 20 The DV-X␣ molecular orbital calculation, used by the present authors, also suggests that the peaks at lower energies ͑284-288 eV͒ are attributed to an unoccupied ‫ء‬ orbital, and the peaks at higher energies are attributed to an unoccupied ‫ء‬ orbital. The spectra shown in Fig. 6 were taken with the incident angle of 45°on the measurement of the angle-resolved XAS. A relative intensity of the unoccupied ‫ء‬ orbital increased with increasing incident angle in the range 0-90°, indicating that an ab plane of the structure oriented is parallel to the surface of the BC 2 N film. The relative intensity of the unoccupied ‫ء‬ orbital for BC 2 N, which was measured with high incident angles ͑45-90°͒, was not as strong as that of graphite but stronger than that of BC 6 N. XAS spectra in the BK and NK regions as well as the spectra in Fig. 6 ͑CK͒ for BC 2 N were considerably different from those of graphite and h-BN, suggesting a hybridization of orbital among boron, carbon, and nitrogen in the structure. The DV-X␣ molecular orbital calculation for BC 2 N also indicates that the conduction band is composed of the C 2p, B 2p, and N 2p orbitals on average. The unoccupied ‫ء‬ orbitals in the BK and NK regions as well as that in the CK region, which were observed by XAS, showed strong intensities compared with those of BC 6 N. An unoccupied ‫ء‬ orbital of the host material accepts electrons from alkali metal on its intercalation. The unoccupied K-BC 2 N orbital of BC 2 N with a relatively large intensity, therefore, may contribute to the intercalation of alkali metal into the host layers.
Then, an energy position for the bottom of the conduction band of BC 2 N was compared with those of the other host materials. In this case, the spectra in the CK region was selected as a delegation among the components ͑B, C, and N͒ to compare the conduction bands. Figure 7 indicates the TEY XAS spectra enlarged in Fig. 6 at the lower energy part. The bottom of the unoccupied ‫ء‬ orbital for BC 2 N is lower in energy than each bottom of HOPG, noncrystalline carbon, and BC 6 N. Figure 8 shows a schematic relationship between the intercalation of alkali metal into the host material and an electronic structure of the material. On the intercalation of alkali metal ͑M in Fig. 8͒ into a host material ͑B/C/N in Fig. 8͒ with an electronic structure similar to that of graphite, alkali metal donates the host material with electrons, which are given to the ‫ء‬ orbital of the host material. From the results indicated in Fig. 6 and 7 , the bottom of the ‫ء‬ orbital of BC 2 N is lower in energy than each bottom of HOPG, noncrystalline carbon, and BC 6 N. Therefore, alkali metals can give their electrons into the unoccupied ‫ء‬ orbital of BC 2 N more efficiently than each ‫ء‬ orbital of graphite, noncrystalline carbon, and BC 6 N. Consequently, alkali metals including Na used in the present study tend to strongly interact with BC 2 N to make the intercalation compounds.
Conclusions
K and Li were intercalated into the host material BC 2 N in a similar way to the intercalation of these alkali metals into graphite. Na was chemically and electrochemically intercalated into BC 2 N to make the mixture of first-and second-stage intercalation compounds, which is very different from the weak interaction between Na and graphite. The TEY XAS analyses indicated that the unoccupied ‫ء‬ orbital of BC 2 N was relatively strong in its intensity, and the bottom of the ‫ء‬ orbital was lower in energy than each bottom of HOPG, noncrystalline carbon, and BC 6 N. These results suggest that alkali metals can interact with BC 2 N more strongly than the other host materials. 
